Abstract Models of ecological speciation predict that certain types of habitat should be more conducive to species diversification than others. In this study, I test this hypothesis in waders of the sub-order Charadrii using the number of morphological sub-species per species as an index of diversity. I classified all members of this clade as spending the non-breeding season either coastally or inland and argue that these represent fundamentally different environments. Coastal mudflats are characterised by high predictability and patchy worldwide distribution, whilst inland wetlands are widespread but unpredictable. The results show that migratory species that winter coastally are sub-divided into more sub-species than those that winter inland. This was not the case for non-migratory species. I argue that coastal environments select for more rigid migratory pathways, whilst inland wetlands favour more flexible movement patterns. Population sub-division could then result from the passive segregation of breeding sites or from the active selection for assortative mating of ecomorphs.
Introduction
Models of ecological speciation show that the propensity of a species to diverge is affected by the shape of the fitness landscape generated by its environment (Gavrilets 2004) . This predicts that some environments should be more conducive to speciation than others. Recent comparative studies have supported this prediction (Funk et al. 2006; Phillimore et al. 2007) . However, these studies do not discuss aspects of habitats that promote or inhibit speciation.
In this study, I test this prediction for wading birds of the sub-order Charadrii. This group was chosen because its species can be divided into those that are adapted to coastal habitats and those that feed mostly inland (Piersma 1997 (Piersma , 2003 . On a year-to-year basis, coastal habitats offer a more predictable environment than inland wetlands (Roshier et al. 2001) . Inter-tidal mudflats and ocean beaches will be located in the same place each year and offer a highly predictable pool of food resources. They are distributed patchily around the globe, and patches differ in their food resources and other conditions (Piersma et al. 1993a ). On the other hand, the inland wetlands favoured by other waders are unpredictable and include waterbodies in arid regions that flood infrequently. Flooded areas are often large, but may be located in different areas between years and shift within a single non-breeding season, promoting extensive movements of birds that rely on these habitats (Roshier et al. 2002) . The suitability of grasslands in semiarid regions varies from year to year due to the differences in rainfall level. Little is known about the composition of the food resources used by waders in these inland environments, but it seems likely that these may be similar on broad spatial scales. I thus predict that coastal habitats should be more favourable to species diversification than inland habitats.
Many of the wader species that utilise coastal or inland habitats for the greater part of the year migrate to very different habitats, such Arctic tundras or boreal swamps, to breed. Whilst the reasons for this are beyond the scope of this study (but see Piersma 1997) , it means that in these species reproduction is spatially separated from the feeding habitat to which they are adapted. Red knot Calidris canutus illustrate this point. For 10 months of the year, this species feeds on bivalves on mudflats around the world. The species has evolved a range of adaptations to feeding on bivalves, including a muscular stomach and sensitive bill tip (Piersma et al. 1993b (Piersma et al. , 1998 . Nevertheless, it breeds exclusively on high Arctic tundras where feeding on abundant insect larvae and berries require few special adaptations. In such cases, local adaptation to, for example, temperate or tropical inter-tidal mudflats requires that birds from the same non-breeding area mate assortatively on the breeding grounds (Webster et al. 2002) .
Investigating ecological speciation in this group of birds thus adds two new dimensions to the general pattern found by Funk et al. (2006) and Phillimore et al. (2007) . First, as argued above, I have a priori reasons to expect that one type of habitat (coastal) should be more conducive to speciation than the other (inland). Second, many of the species investigated reproduce away from the feeding grounds to which they are adapted and speciation thus requires differential migration to achieve assortative mating. To test these ideas, I use the number of sub-species per species as a measure of diversification. Thus, I treat sub-species as 'incipient species'. Morphological sub-species are considered useful in estimating the patterns of divergence among populations (Phillimore et al. 2007) . Evidence that wader sub-species represent phylogenetically distinct groups is available for Dunlin Calidris alpina (Wenink et al. 1993) , and to a lesser extent, for Red knot (Buehler and Baker 2005) . Because older species could have differentiated into more sub-species than younger species, I investigated whether the number of sub-species was correlated to species age.
Materials and methods

Data collection
I collated data on the number of sub-species, migratoriness, breeding and non-breeding habitat from Del Hoyo et al. (1996) for all 215 species of the sub-order Charadrii (see Table 2 of S1). Crude estimates of species age were obtained from Thomas et al. (2004) . Due to high levels of polytomy in parts of the phylogeny, some of these are likely to be over-estimates; however, no better estimates are available at present. I adopted the number of sub-species from one reputable source rather than search for the more recent updates because some of these revisions are still controversial. Migratoriness was scored as non-migrant, partial migrant or migrant (>80%, between 20% and 80% and <20% of non-breeding range overlaps with breeding range, respectively). Breeding habitat was scored as one of seven classes: tundra, boreal/temperate, mountains, steppe, (sub)tropical wetlands (either inland or coastal), (sub) tropical forest or oceanic. Non-breeding habitat was scored as coastal, inland or pelagic. For species that regularly use both coastal and inland habitats, I scored the habitat considered by Del Hoyo et al. (1996) to be used by the largest part of the population.
Statistical analysis
I first investigated whether the dependent variable (number of sub-species) showed phylogenetic auto-correlation (i.e. whether closely related species resembled each other more in their tendency to form sub-species than expected by chance) using the phylogenetic topology from Thomas et al. (2004) . I used runs test as implemented in the programme Phylogenetic Independence (Abouheif 1999) to compare the observed pattern to that generated by randomly redistributing the data over the tips of the phylogeny 1,000 times. For this analysis, the number of sub-species per species was dichotomised as 1 (i.e. only the nominate form) or >1. Finding no evidence for phylogenetic autocorrelation (see the "Results" section), I treated species as independent data points in further analysis.
As the number of sub-species per species followed a Poisson distribution, I analysed the data using generalised linear models with a Poisson error distribution and a log link function. GLMStat (Beath 2001 ) was used to generate glms. Significance was tested by dropping each term from the fuller model and comparing the resulting change in deviance to a chi-square distribution.
Results
The results of runs test showed that there was no evidence for auto-correlation in the phylogenetic distribution of the number of sub-species (runs test P=0.46). In fact, 461 of the 1,000 randomly generated runs averages were greater than that of the real data set, indicating a non-significant tendency towards over-dispersion.
A glm containing migratoriness, non-breeding habitat, breeding habitat and species age and their interactions showed no significant effects of three-and four-way interactions. However, there was a significant two-way interaction between migratoriness and non-breeding habitat ( Table 1 ), indicating that the pattern of covariance between non-breeding habitat and sub-species richness differed between migrants and non-migrants. Individual models revealed a significant effect of non-breeding habitat on the number of sub-species in migrants, but not in non-migrants or partial migrants (Table 1) . These results are illustrated in Fig. 1 : species wintering coastally are on average subdivided into more sub-species than inland wintering species, but only in migrants. The results are not confounded by differences in species age (Table 1) . Whilst there was a significant association between breeding and non-breeding habitat among migrants (# 2 8 ¼ 20:45, P=0.009), this did not result in an association between breeding habitat and the number of sub-species (Table 1) .
Discussion
The prediction that coastal habitats should be more conducive to diversification in waders than freshwater habitats is supported, but only for migratory species. This is remarkable, given that the reduction in gene flow between locally adapting populations requires an extra step in these species. In non-migrants, all that is needed to mate with a locally adapted partner is not to disperse. In migrants, however, all individuals migrate away from the non-breeding grounds to breed, often to the other end of the globe. To mate with a partner from the same non-breeding grounds, the non-breeding populations must either have segregated breeding grounds or have a very sophisticated individual recognition system. There is good evidence for a number of coastally wintering migrants that the former is true (Wennerberg 2001; Atkinson et al. 2005; Buehler et al. 2006) , whilst the latter has not been investigated.
I suggest that the predictability of coastal non-breeding grounds favours rigid migratory pathways to and from the non-breeding grounds. Returning to the same non-breeding ground each year would save individuals from wasting time on searching for suitable non-breeding areas and allow them to benefit from learned aspects of local conditions (such as food distribution). The rigidity of the migratory pathways could then result in spatial segregation on the breeding grounds because individuals would be genetically predisposed to favour the same breeding grounds each year. The formation of distinct sub-species would then be a byproduct of the spatially discontinuous distribution of nonbreeding grounds. By contrast, many of the species that spend the non-breeding season on inland habitats have to track spatially and temporally variable resources (Roshier et al. 2001 (Roshier et al. , 2002 , which should select for flexible movement patterns during the non-breeding season. This could translate into flexible migration patterns, perhaps through a genetic correlation between migratory and nonmigratory movements, and flexible movement patterns on the breeding grounds. If true, this would promote gene flow and inhibit diversification.
Alternatively, the divergent ecology of different coastal non-breeding grounds may actively select for assortative mating of corresponding ecomorphs. For example, it may be costly for waders wintering on tropical mudflats to pair with Non-significant interaction terms were removed. P values for the main effects were obtained by using the parameter estimate divided by its standard error as the test statistic. Also shown are the results of separate models for each category of migratoriness. those that winter on temperate mudflats because the resultant hybrids would be poorly adapted to either habitat. Support for this interpretation comes from the fact that many sub-species of coastal waders differ from each other in bill length, which is an ecologically relevant trait (Engelmoer and Roselaar 1998). By contrast, the unpredictability of inland wetlands would not allow specialisation to the specific conditions presented by any particular area of habitat. The question remains why the difference in diversification between species occupying coastal and inland habitats is not reflected in the non-migratory species that breed there? Given that migrant species often greatly outnumber resident species at individual feeding areas during the nonbreeding season, migrant species may have greater effective population sizes per non-breeding area than non-migrants. This would allow more efficient response to selection and increase the potential for local adaptive change in migrants relative to non-migrants. Given the arguments above, such change is most likely in coastal areas.
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